Dynamics and Control Mechanisms in Maintenance of Regional Cerebral Blood Flow • Experiments with rabbits, cats, and monkeys during recording of complex physiological processes (LEPG, ThG, Po,, Pco,, and ECoG) in functionally discrete brain regions of awake animals have shown that functional changes, expressed as desynchronization effects on ECoG, are followed by an increase of local blood flow (LCBF) in regional brain cortex up to 0.3 to 0.4 ml per minute per 1 gm brain tissue or an increase of 35% to 45% of resting levels of LCBF. Under normal physiological conditions LCBF and Po, change periodically without any external interference at frequency ranges 0.005 to 0.2 cps. This is characteristic of all brain regions and all species of animals investigated. These variations range in amplitude as much as 28% of the mean level of LCBF.
• Experiments with rabbits, cats, and monkeys during recording of complex physiological processes (LEPG, ThG, Po,, Pco,, and ECoG) in functionally discrete brain regions of awake animals have shown that functional changes, expressed as desynchronization effects on ECoG, are followed by an increase of local blood flow (LCBF) in regional brain cortex up to 0.3 to 0.4 ml per minute per 1 gm brain tissue or an increase of 35% to 45% of resting levels of LCBF. Under normal physiological conditions LCBF and Po, change periodically without any external interference at frequency ranges 0.005 to 0.2 cps. This is characteristic of all brain regions and all species of animals investigated. These variations range in amplitude as much as 28% of the mean level of LCBF.
Changes of LCBF have no correlation with changes of systemic blood pressure (SAP). Local control mechanisms appear to be responsible for them. The interrelationships of changes of functional activity and CBF in local regions of awake brain are characterized by a very short time delay (less than one second), but under narcosis it increased up to ten seconds. All these facts taken together suggest that control mechanisms responsible for local brain vascular reactions have two components; the first is metabolic and the second is neurogenic in nature.
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• Numerous facts, collected recently, clearly show the conclusion that there are considerable changes in local cerebral blood flow due not only to changes in functional activity of corresponding brain structures, 15 but also during normal physiological conditions at rest and during the absence of any external stimulation. 8 " 9 The nature of these mechanisms remains unanswered. Is the variation in local cerebral blood flow caused by local changes of metabolism (mainly CO 2 ) resulting from increased brain activity or by neurogenic mechanisms? Some years ago the first opinion predominated but during the last few years data have been obtained which confirm the existence of a neurogenic mechanism of control. curring during a few seconds, following a neurogenic pathway would be overlooked. In addition, narcosis reduces the reactivity of the cerebral vascular system and depresses the neurogenic component of local cerebral vascular reactions as well as interfering with cerebral blood flow autoregulation. 1315 Therefore, the present investigation was carried out utilizing fast response systems to measure changes having short-time-constants particularly applied to local cerebral blood flow measurements in functionally limited brain regions. These measurements were correlated with metabolic changes recorded from the same regions of brain under both steady state conditions and adequate stimulation. Such data, in our opinion, can be used for clarifying the comparative role of neurogenic control with metabolic control of the regulation of local blood flow.
Methods
Experiments were performed on 37 rabbits, 68 cats and 18 monkeys maintained under conditions simulating their natural behavior and habitat.
Investigation of the complex physiological processes in local brain regions (visual, auditory and motor cortex, thalamus, hypothalamus, reticular formation) was carried out by chronic implantation of electrodes made from insulated 100 n gold wire with 1 ± 1.5 mm uninsulated tips connected to transducers by means of a head-mount so that physiological information was recorded without anesthesia five to seven days later. Each head-mount was composed of four electrodes and one thermistor having an external diameter of less than 1 mm so that local cerebral blood flow (LCBF) was recorded by heat clearance from the two thermistors (LThG) and simultaneously by electroplethysmographic (LEPG) methods. 16 " 18 The oxygen availability (Po,) was recorded by the polarographic method, and the electrocorticogram (ECoG) was concurrently recorded. In some experiments changes of total brain blood volume also were recorded by the electroplethysmographic method (LEPG) together with the systemic arterial pressure (SAP) recorded by means of a catheter implanted into the aorta via one common carotid artery. In addition, the experiments were made so that quantitative measurements of LCBF by the H 2 -clearance method were obtained. Polarographic electrodes for pH 2 recordings were implanted together with LEPG electrodes into the same brain regions and calculations of LCBF were carried out by standard techniques. 16 By means of such a combination of recording we believe it is possible to calibrate in quantitative terms the qualitative LEPG measurements because the average amplitude (n) of the LEPG curve during any T/2-time period corresponds to integral of local brain blood flow during the same T/2-time period measured by hydrogen clearance ( fig. 1) .
The recordings of regional cortical Pco, were made in 17 experiments on cats carried out by means of special multichannel polygraph transducer system concurrently recording residual Po, and LEPG. The principle of these transducers ( fig. 2a) is based on measurements of changes of electrical conductivity of alkaline solution (5.10 4 M KOH) flowing continuously across the active part of the transducer surrounded by the gas-permeable (teflon) membrane.
The special electronic devices permitted summation of responses from two channels for up to 24 succeeding responses of LEPG and Po, from the same brain region on repeated external stimulation. The spectrum decomposition of 22 frequency channels for ECoG and digital presentation of recording processes with a time-interval of three-fifths second for computation purposes was used for analysis of (2) . the experimental data.
Thus, the design of these experiments made possible the study of three basic links of the functional physiological system: the simultaneous recording of (1) input characteristics of regional EEG and blood pressure (ECoG, SAP), (2) the nature of regional blood flow control processes (pH 2 -clearance LEPG, LThG), and (3) the metabolic state of the regional system (Po 2 , Peck,) under different functional loads.
Results
Experimental data obtained were analyzed in two ways: (1) slow periodic fluctuations of LCBF and other processes were examined in animals at rest, and (2) changes of the mean levels of these parameters were measured under functional loading by stimulation.*
SPONTANEOUS PERIODIC FLUCTUATIONS IN REGIONAL CORTICAL BLOOD FLOW AND OXYGEN TENSION
Periodic fluctuations of LEPG and Po, were regularly observed. These are slower than pulse and respiratory waves and have been observed previously by other investigators. 8 ' 9| 17~21 They are known as third order waves. These periodic fluctuations may now be quantitatively defined as changes of LCBF in the order of 0.15 to 0.29 ml per gram per minute (i.e., 8% to 18% of mean steady state levels). These can be observed only
•Although the Pco, electrodes have a time delay of several seconds (from two to four), a special correction during analysis of experimental data has been made.
row.
mm.
FIGURE i

Construction of Pco, channel transducers for recordings on brain surface (A) and in cortex structures (B). (1) Channels for alkaline solution. (2) Gas permeable membrane. (3) Electrodes for measurements of changes of electrical conductivity of flowing alkaline solution.
with chronic implanted electrodes in the unanesthetized brain, and are characterized by irregular amplitude and frequency ( fig. 3) .
Their irregularity complicates visual analysis and one must therefore make the most use of statistical analysis. But the application of stochastic function theory, particularly the methods of correlative and spectral analysis, ensures the success only in the case of stationary Gaussian processes. According to this, the program of quantitative analysis of LEPG and Po 2 periodic fluctuations consisted in testing their statistical characteristics to normal distribution and stationarity.
The examination of periodic fluctuations with relation to normal distributions carried out on a base of the criterion, using the value of asymmetry and excess, and also x 2 Pierson's criterion, 22 indicated that the asymmetrical distribution with one expressed peak was the most characteristic for studied fluctuations. The normal distribution took place in 96% of 2.5-minute samples analyzed for changes LEPG, ThG and POj periodic fluctuations. The testing of stationarity, using as a criterion the absence of essential differences between parametric characteristics of several histograms calculated from the records, carried out at different times, has shown the stationarity of mentioned fluctuations for time-periods exceeding two minutes. These data permit us to treat the periodic fluctuations of studied processes as stochastic Gaussian processes, stationary in the broad sense.
The results of autocorrelational analysis ( fig. 4 ) have shown that the LCBF and Po 2 periodic fluctuations, recorded from the same regions of cortex, present as a series of waves with variable amplitude and five to ten-second intervals.
The periodic component of these fluctuations is steadily maintained if all analyzed samples of records exceed two minutes' duration. Autocorrelational function of the fluctuations is characterized by a high value of the ratio coefficient of the power of periodic and stochastic components. The additional slow component with unsteady rhythm is observed in some records. The spectral densities of autocorrelational function permit us to determine quantitative correlation of powers of the separate frequency components of analyzed processes and have revealed that they have comparatively narrow spectral distribution at ranges from 0.005 up to 0.2 cps. This spectrum distribution, however, is essentially distinguished both for different species of animals and different brain structures but is characterized by the stability for the same brain region of all investigated animals from the third day after electrode implantation ( fig. 4) . The short time changes of the spectral distribution of Po, periodic fluctuations occur during either increasing or decreasing of functional activity of investigated brain structures. For example, the comparison of spectral distribution before and after photostimulation at the visual cortex and the motor cortex before and after orthostatic tests points out the tendency of displacement of the spectral distribution to lower frequencies after the functional loads. The results of cross-correlational analysis have shown ( fig. 5 ) that the connection between LEPG, ThG and Po, fluctuations for the same brain region is characterized by significant periodic and weakly expressed stochastic components. The value of correlation coefficient is comparatively high (0.7 ± 0.8) but for some recordings it drops down to 0.3 to 0.6 due to discoordination of the recording processes with respect to time. It is important that time-displacement (two to three seconds) of the cross-correlational function to Po 2 periodic fluctuations should take place. It means that the leading process is a change in LEPG and thus periodic fluctuations determine the oxygen supply of the regional brain tissue. The comparison of LEPG and Po, periodic fluctuations with the results of ECoG frequency analysis for the same brain region has shown a pronounced correlation between these fluctuations for the frequency components of ECoG above 7 cps. It is of interest to note that every increase of both LEPG and Po 2 is accompanied by a rise of bioelectric activity ( fig. 3b) , and that the abovementioned correlation appears spontaneously and is maintained for only a few minutes in the absence of external stimulation. At these time-periods ECoG is characterized by periodic alternation of fast and slow waves. Cross-correlational analysis of periodic fluctuations of LEPG and Po 2 in the brain cortex (visual regions) and some deep structures (hypothalamus or reticular formation) did not reveal any connections between these processes. Analogous results were obtained by analysis of interrelationships between periodic fluctuations of TEPG and SAP on the one hand, and LEPG and Po 2 for local brain regions, on the other hand, although these processes, recorded under chronic experimental conditions, are characterized by similar frequencies (fig. 5b) . The demonstrated facts support the suggestion that periodic fluctuations of LEPG, LThG and Po 2 occur as local processes caused, perhaps, by regional fluctuations of the vasomotor tone and have no obvious connection with systemic fluctuations of the cardiovascular system. These periodic fluctuations in regional blood flow and Po 2 are independent from region to region, but all show the same rhythmic statistical interparameter correlation for every brain region examined under normal physiological conditions. These periodic flue- tuates seem to be dependent on the activity of vasomotor control mechanisms influencing the vasomotor tonus of regional blood vessels.
CHAMOIS OF MOIONAL C K I B I M H O O D FLOW (LC1F) ASSOCIATED WITH PHYSIOLOGICAL STIMULATION
A wide range of external stimuli was followed by increases of LCBF and Po, levels in the cortex accompanied by the appearance of fast frequency components of low-amplitude in the regional EEG records. These changes were characterized by short time delay of less than one second and showed no correlation with any changes of blood pressure. Changes in SAP occurred in only 35% of experiments and any rCBF change resulting from this showed a more prolonged time delay of several seconds. These facts are illustrated in figure 6 , where the series of pictures demonstrate the external behavior of the animal (the reaction of a cat on seeing its kitten) and changes the physiological parameters under study. The detailed study of the local reaction of cerebral blood vessels was performed using simple physiological stimuli, e.g., photostimulation because the stimulation shown in figure 7 gave rise to sufficient but too generalized behavioral and vascular reactions so that correlation analysis of the recorded parameters was complex and difficult. Cerebrovascular responses to photostimulation have different regional localization of response according to the species investigated. In monkeys, in 93% the vascular reactions were localized to the primary projection zone of visual cortex (Area 17 of Brodmann atlas) and in 58% at the secondary projection zones (Area 18 of Brodmann atlas). In cats similar vascular responses in 90% of the cases appeared in both the primary and secondary projectional zones. Besides responses in the visual cortex, local vascular reactions occurred during photostimulation in 32% of the cases of monkeys' and 47% of the cases of cats' brains in the posterior suprasylvian region as well as in the primary projectional zone of auditory cortex, and very rarely, in 15% of the cases in the motor cortex, also. The vascular responses of rabbit's brain were not so marked as in cats and monkeys and showed poor localization to more wide brain regions. SAP during these experiments remained remarkably constant and local responses of brain vessels appeared only in cases when ECoG changes were clearly visible ( fig. 7) . Changes of recorded processes in deep investigated brain structures during photostimulation were complex and have not been analyzed.
The time delays between local brain vascular reactions and ECoG changes, as is shown in figure 7 , are very short, occurring in less than one second. The augmentation of the pulse oscillation in LEPG gives reason to believe that the rise of LCBF is caused by local vasodilatation."
Quantitative measurements of local hemodynamic changes in the brain show that during photostimulation LCBF increases in the visual cortex up to 0.32 ml per minute per gram of brain tissue (i.e., 30% to 40% of normal level of cortical blood flow).
Corresponding changes of LEPG and Po, levels, recorded in monkeys and cats, were consistently 
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FIGURE 7
Local cerebral vascular reactions and ECoG changes, represented as a square diagram of its frequency components, in visual (A) and motor (B) cortex of awake cat.
bserved in all cases when the duration of stimulation 'as more than 15 seconds, and was represented by two eaked curves. The first of them appeared in five to ;ven seconds, and the second appeared 10 to 15 :conds after the beginning of the stimulus. Thus, curves can be observed both in single exeriments and as an average of mean response of 24 idividual tests ( fig. 8 ). It is important that together ith the increase of LCBF level, the Po, level likewise icreases during the first stage of the vascular reacon. The Pco 2 level at the same time shows no marked nanges, but increases slowly in seven to ten seconds fter the beginning of photostimulation ( fig. 8b) . In ises when the duration did not exceed four to six ;conds, only one peak on curves of LEPG, ThG and 0, levels was observed, while Pco 2 levels did not lange.
Vascular reactions under anesthesia (nembutal .035 gm/1,000 gm of animal weight) were different. T this case the increasing of LCBF in visual cortex as observed with a delay of eight to ten seconds after le onset of photostimulation and the Po 2 level ecreased during the first 10 to 12 seconds followed by ow return to normal. Changes of Pco, and SAP vels in this case did not differ sufficiently from the nanesthetized brain. The facts showed that the fast cerebral vascular reactions were observed only during normal physiological condition and were depressed by narcosis.
Discussion
The data collected from the LEPG, ThG, Po 2 , Pco 2 and ECoG in local regions of awake brain suggest discussion of two points: (1) correlation of LCBF and functional activity in local brain regions; and (2) physiological mechanisms responsible for such correlations.
Our data about changes of LCBF during stimulation agree with the results reported by a number of investigators, 2325 but comparison of such data between narcosis and the unanesthetized brain seems to be new. It is important that the local vasodilatation in cortical structures appeared only when there was clear evidence of desynchronization and increasing of the frequency of EEG activity. These changes of ECoG are characteristic and suggested that they are necessary for increased functional activity of corresponding brain regions and accompanying local metabolic changes. The latter metabolic changes are manifested, in particular, in an increase of oxygen uptake and formation of carbon dioxide.
1 -5> 26 Therefore, there is reason to suggest that the rise of LCBF is con-ditioned by an increasing of functional activity in investigated brain regions during stimulation.
What is the explanation for the physiological mechanisms connecting CBF with changes in cortical functional activity in local brain regions? Many authors believe it is the effect of local metabolites, particularly Pco 2 and pH, which act directly on vascular muscle. 27 " 29 This theory does not explain all of our observations. The increase in Pco, occurs a few seconds later than the changes in LEPG, ThG and ECoG.* It is unlikely that the correlation under discussion is due to a decrease of Po 2 in activated brain regions as has been suggested by some investigators, 26 -30 because Po 2 rises together with LECF during the first part of vascular reaction in unanesthetized brain.
The facts indicate that local control mechanisms are comparatively important during the initial phase of stimulation and even precede the changes of LCBF to supply the changed metabolic needs of the brain regions. This conclusion is based on the fact that the Po 2 level increased during the stimulus.
Experiments with anesthetized animals have 'Although the Pco, electrodes have a time delay of several seconds (from two to four), a special correction during analysis of experimental data has been made.
shown a significant increase of the response timi between vascular and functional changes in brail tissue. During anesthesia changes of ECoG frequency components are accompanied by a slow decrease o Po 2 and increase in Pco,; these metabolic change appear eight to ten seconds after the vascular reac tions appear. Periodic fluctuations of LEPG, ThG and Po 2 disappear under these conditions, as notei earlier by other investigators. 8 ' "• " The facts, obtained on anesthetized animals, ar different from those of unanesthetized animals, and fi well with metabolic theory, supporting the suggestio that Pco 2 changes may be responsible for vascula reaction in activated brain regions. According to ou data the changes of Po 2 level in all the cases passivel followed both vascular and metabolic changes in IOCE brain regions during functional loads and appeared t play no significant role in cerebral vascular contrc mechanisms under normal physiological condition; However, these changes were found to be importar under hypoxic and hyperoxic conditions. 31 Coincidence of LEPG, LThG and Po 2 in cortia structures during functional loads under narcosis wit the second peak of these changes in awake brain pei mits us to think that under normal physiological cor ditions without narcosis the mechanism of vasodilatj tion is composed of two components. One componer (corresponding to second peak of vascular response) is common for both anesthetized and unanesthetized animals and is in good agreement with the metabolic theory, but the second component has another cause. The very short response time and some anticipation of vascular reactions in the initial phase suggest that the mechanism of change of functional activity and change of blood supply in local brain regions is reflex, neurogenic in nature. Only neurogenic mechanisms are able to provide such close synchronization of an interrelationship with some forestalling of metabolic needs in the first moments of brain activation. This mechanism, however, can be observed only under normal physiological condition and is depressed during narcosis. Such a neurogenic theory of the control of brain blood supply in certain local brain regions needs additional direct evidence for proof.
